Presenilins are a highly conserved family of proteins first identified as causative genes in early onset familial Alzheimer's disease. Recent studies have suggested a role for presenilins in the Notch-signaling pathway, but their specific function within this pathway remains unclear. Here, we have characterized the Drosophila presenilin gene and protein and studied their interaction with Notch in both mutants and transgenics. We find that the Drosophila presenilin protein is proteolytically cleaved and broadly expressed during development with the highest levels in neurons within the larval CNS. We also show that mutations in Drosophila presenilin (Dps) genetically interact with Notch and result in an early pupal-lethal phenotype characterized by defects in eye and wing development and incomplete neuronal differentiation within the larval CNS. Moreover, we find that processing of Notch in the Golgi by the furin protease is unaffected in Dps mutants and that Notch is present and may even accumulate on the plasma membrane of neuroblasts in the larval CNS of Dps mutants. In contrast, overexpression of Dps in transgenics causes Notch to accumulate in the cytoplasm. Taken together, these results indicate that Drosophila presenilin is required for proper neuronal differentiation and may regulate the subcellular localization of Notch proteins within cells, necessary for their accumulation and subsequent signaling capabilities.
Key words: Drosophila; presenilin; Notch; localization; Delta; neurogenesis Presenilins are a highly conserved, novel family of transmembrane proteins first identified as causative factors in familial Alzheimer's disease (Lev y-Lahad et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995) . Recently, presenilins have also been implicated in cell-signaling events during development after the identification of a presenilin homolog sel-12 in Caenorhabditis elegans as a suppressor of an activated lin-12 mutation (Levitan and Greenwald, 1995) . LI N-12 is a member of the Notch family of receptors that are thought to regulate cell fate decisions via local cell -cell interactions. This suggested that SEL -12/presenilins may be involved in regulating the activity of LI N-12/Notch. Further evidence of a role of presenilins in Notch signaling comes from the observation that presenilin 1 (PS1) knock-out mice demonstrate developmental abnormalities similar to those observed in Notch knock-out mice (Shen et al., 1997) . The relationship between presenilin and Notch, however, remains unclear. In presenilin knock-out mice, the expression of Notch and Delta is severely downregulated, suggesting that presenilin plays a role in regulating the spatiotemporal expression pattern of Notch and Delta (Wong et al., 1997) . However, it is unclear from these experiments whether the changes in Notch and Delta expression are primary events or the result of major developmental defects caused by lack of presenilin. An alternative model suggested that presenilins might interact with Notch by affecting its subcellular localization. This model was based on the initial observation that there was a specific reduction in the amount of green fluorescent protein-tagged LIN-12 fusion protein that accumulates on the apical membranes of vulval precursor cells in sel-12 loss-offunction mutations in C. elegans (Levitan and Greenwald, 1998) . More recently, studies in mice and Drosophila have suggested that presenilin is required for processing of the Notch receptor required for the activation of downstream genes (De Strooper et al., 1999; Struhl and Greenwald, 1999; Ye et al., 1999) . However, it remains unclear whether presenilin affects Notch processing directly or by affecting the trafficking of Notch or the protease required for this cleavage event.
To investigate the relationship between presenilin and Notch further, we have isolated and characterized mutations in the presenilin gene of Drosophila melanogaster. We find that loss-offunction mutations in Drosophila presenilin (Dps) are early pupal lethal with underdeveloped eye and wing imaginal disks and defects in neuronal differentiation. We also demonstrate that mutations in Dps genetically interact with Notch and Delta and show that Dps affects Notch subcellular localization. Specifically, we find that Notch is present and may even accumulate on the plasma membrane of neuroblasts in the larval CNS of loss-offunction Dps mutants. In agreement with this observation, we find that Dps does not affect the initial processing of Notch that occurs within the Golgi to produce a functional receptor at the plasma membrane. Finally, we also find that Notch accumulates in cells from transgenic flies that overexpress Dps. Taken together these results show that presenilins are required for neuronal differentiation and may play a role in Notch-signaling events by affecting the subcellular distribution and subsequent signaling capability of Notch.
MATERIALS AND METHODS
Fl y strains. The deficiencies Df(1)N-8/ In(1)dl-49, y1 Hw1 m2 g4, Dl [7] / TM2, and Df(3L)ri-79c / TM3 and the Notch alleles N nd-3 and N Ax-1 were obtained from the Bloomington Stock C enter. Dps mutants were generated by imprecise P-element excision as described (Pirrotta, 1986) and maintained in a y w mutant background over the balancers TM6, Ubx, and yϩ or TM3, T b, and Sb, allowing us to identif y homozygous Dps mutant larvae and pupae. Transgenic lines carrying a UAS-Dps transgene were generated by subcloning a f ull-length Dps cDNA into the polycloning site of the pUAST vector that contains a miniwhiteϩ reporter gene. The pannier-GAL4 line was obtained from the Bloomington Stock C enter, and cut-GAL4 was obtained from K . Blochlinger. Heatshock-Dps lines were generated by subcloning a f ull-length Dps cDNA into the polycloning site of the C asper vector. Transformants were generated using white 1 recipients and standard P-transformation methodology (Spradling and Rubin, 1982) . Rescue of Dps mutants was achieved by crossing an hs-Dps transgene into a Dps W6 /Dps 46 background followed by a regimen of one 1 hr heatshock per day for the entire life cycle of the fly.
Immunoblots and immunoc ytochemistr y. Wild-type or mutant Dps protein in immunoblots was detected from extracts derived from second instar larvae, late third instar larvae, or early pupae and from transgenics carrying either a heatshock-Dps transgene or UAS-Dps expressed from a daughterless-GAL4 driver. Immunoblots and immunocytochemistry were performed using affinity-purified Dps-specific antibodies generated to an N-terminal peptide corresponding to amino acids 28 -43 of Dps or a C -terminal peptide corresponding to amino acids 520 -538. Affinity purification of the antibody was performed using the ImmunoPure Ag /Ab Immunobilization K it (Pierce, Rockford, IL). Primary antibodies were detected with either HRP-conjugated (immunoblots) or fluorescein-or rhodamine-conjugated secondary antibodies (immunocytochemistry) (Jackson ImmunoResearch, West Grove, PA). Immunoblots to detect Notch protein were performed using the monoclonal antibody C17.9C6 (kindly provided by Dr. S. Artavanis-Tsakonas) that recognizes the intracellular domain of Notch (1:3000). To control for loading, we stained immunoblots with Ponceau S. Double-labeling of imaginal disks and C NS from wild type and Dps mutants was performed using rat EL AV antibody 7E8A10 (Developmental Studies Hybridoma Bank) and mouse C UT antibody (a gift from Dr. K . Blochlinger). The subcellular localization of Notch in Dps mutants was detected in the C NS of second or late third instar larvae by immunocytochemistry using the monoclonal antibody C17.9C6 to the intracellular domain of Notch (kindly provided by Dr. S. Artavanis-Tsakonas) (Fehon et al., 1990) .
RESULTS

Molecular organization of the Drosophila presenilin gene
We and others have reported previously the cloning of the Drosophila presenilin gene and shown that it encodes a protein with over 50% amino acid identity to its vertebrate counterparts (Boulianne et al., 1997; Hong and Koo, 1997; Ye and Fortini, 1998) . To facilitate the identification of mutations in Dps, we have isolated and characterized genomic clones encompassing the Dps locus. The Dps gene is entirely contained within 4 kb of genomic DNA and is flanked by the genes encoding lipoic acid synthase and the 50 S ribosomal protein L15. The Dps transcript is encoded by nine exons, eight of which comprise the coding sequence (Fig. 1) . Overall, the structure of the Dps gene is highly related to both the vertebrate and C. elegans presenilins, and many of the intron-exon boundaries and splice sites are conserved. This is consistent with the idea that presenilin derives from a common ancestral gene. The Dps gene also gives rise to at least two distinct isoforms, dpsa1 and dpsa2, that result from differential splicing of exon 7. dpsa2 differs from dpsa1 by an additional 14 amino acids that are located within the large hydrophilic loop between TM6 and TM7 (Boulianne et al., 1997; Ye and Fortini, 1998) . This loop region is highly variable in both length and amino acid sequence between species, and it remains to be determined whether dpsa and dpsb are differentially expressed or have differential functions during development.
Dps is proteolytically cleaved and broadly expressed during development
To examine the processing as well as the cellular and subcellular distribution of Dps during development, we raised polyclonal antibodies to the N-and C-terminal domains of Dps. In agreement with previous Northern blot analyses (Boulianne et al., 1997) , we find that Dps is ubiquitously expressed throughout development. The high levels of expression observed in 0 -2 hr embryos appear to result from large maternal contributions. In wild-type extracts the majority of endogenous Dps protein is proteolytically cleaved to an ϳ25 kDa N-terminal fragment ( Fig.  2a) and an ϳ35 kDa C-terminal fragment (Fig. 2b) . However, full-length Dps protein (ϳ60 kDa) can be detected in transgenic flies that overexpress Dps from a heatshock promoter or by the GAL4/UAS system (Brand and Perrimon, 1993) (Fig. 2c) . The fact that presenilins are processed in worms, flies, and vertebrates suggests that the cellular machinery involved in this processing must be highly conserved between species. Using immunocytochemical techniques, we have found that Dps is widely distributed during development although some tissues, including the larval CNS, express higher levels of Dps. Within the CNS, Dps is mainly found in the axons and cell bodies of neurons and primarily within the cytoplasm (data not shown) (Ye and Fortini, 1998) .
Mutational analysis of Dps
To examine the function of Dps, we generated a series of overlapping deletions by imprecise P-element excision of P4, a ho- The genomic organization of the Dps gene was determined by sequencing genomic DNA obtained from a P1 clone (#DS03069; Berkeley Drosophila Genome Project) and from genomic DNA obtained after plasmid rescue from the P4 insertion line (GenBank accession number, AF093402) as described (Pirrotta, 1986) . The Dps gene is flanked on either side by the genes encoding lipoic acid synthase (accession numbers, AA820940 and AA201873) and 50 S ribosomal protein L15 (clone name, GM01846). Dps is comprised of nine exons (boxes) separated by eight introns. The location of an alternative splice site that gives rise to two dps (dpsa1 and dpsa2) isoforms is shown (hatched box). The P-element insertion P4 used to generate Dps deletions is shown. Overlapping deletions in Dps were generated by imprecise excision of the P-element P4 and are indicated by dashed lines. The 5Ј and 3Ј deletion break points were determined by a combination of Southern blot analysis using several restriction enzyme sites and sequencing of the break points from genomic DNA obtained from the deletion mutants, W20, W6, and W11. mozygous viable P-element insertion located ϳ1 kb 3Ј of the Dps gene ( Fig. 1 ). In total, we have generated six deletions, three of which remove portions of the Dps coding region (Dps W20 , Dps W6 , and Dps
W11
). All of the deletions fail to complement each other, and none produce any detectable Dps protein as determined by Western blot analysis on extracts from mutant larvae (Fig. 2a,b) . The largest deletion (Dps W20 ) deletes the Dps gene as well as portions of the lipoic acid synthase and the 50 S ribosomal protein L15 genes and is embryonic lethal. Dps W11 and Dps W6 that delete Dps and the 50 S ribosomal protein L15 genes are lethal during the second larval instar, and these larvae are small and grow at a much slower rate.
In addition to the deletion mutants in Dps we have also characterized two EMS alleles, Dps 30 and Dps 46 (kindly provided by L. Pallank and B. Ganetzky), that were originally identified in a lethal screen over the deficiency Df(3L)ri-79c / TM3 that uncovers the Dps locus and has break points at 77B-C;77F-78A. Both EMS lines fail to complement each other as well as the two Dps deletions we tested, Dps W6 and Dps
. To determine the molecular basis of these mutations, we sequenced both Dps 30 and Dps 46 . To date, we have been unable to identif y a mutation within the coding region of Dps 30 and are currently searching for alterations in surrounding regulatory sequences. However, we have found a single missense mutation in Dps 46 , consisting of a proline to leucine substitution at amino acid 507 within the highly conserved C -terminal domain of Dps.
To address the f unction of Dps during development, we examined the phenotype in flies of the genotype Dps 46 /Dps W6 or Dps 46 /Dps W11 that are mutant for Dps but wild-type for lipoic acid synthase and hemizygous for the 50 S ribosomal protein L15 gene. We find that these mutants are early pupal lethal; the third instar larvae form a pupal case, but no adult structures develop. When we examined the phenotype of the mutants during the late third larval instar stage, we found that the mutant larvae have underdeveloped eye (Fig. 3b,e) and wing (Fig. 3c,f ) imaginal disks. Although the eye imaginal disk forms, it fails to undergo proper neuronal differentiation (Fig. 3a,d ). The wing imaginal disk is also smaller with the most severe defects observed in the region that will give rise to the wing blade (Fig. 3f ) . Furthermore, Wingless expression, which is normally detected in two domains within the developing disk, is disrupted in Dps mutant disks (Fig.  3c,f ) . In contrast, both the antennae and leg imaginal disks appeared normal. Both the lethality as well as the wing and eye phenotypes could be rescued using a Dps transgene driven by a heatshock promoter. To determine whether there was any evidence of neuronal differentiation within the eyes and optic lobes of our pupal lethal mutants, we also examined the expression of two neuronal markers, ELAV White, 1988, 1991) Figure 2. Dps is proteolytically cleaved. Immunoblot analysis of second instar larval extracts from wild type (wt) and mutants indicates that Dps is proteolytically cleaved to give rise to a 25 kDa N-terminal fragment ( a) and a 35 kDa C-terminal fragment ( b) that are absent from the deletion mutants W6 and W11. Full-length protein can only be detected in third instar larval extracts of transgenic flies that overexpress Dps from a heatshock promoter (hs-Dps) or use a daughterless-GAL4 driver (da-Dps) ( c). In the absence of GAL4, only the N-terminal fragment is detected with the N-terminal-specific Dps antibody. Figure 3 . Dps mutants fail to undergo proper neuronal differentiation within the optic lobe anlagen and the eye imaginal disk. a, Wild-type CNS and disks derived from late third larval instar and double-immunostained for C UT ( green) and EL AV (red). Note the precise laminar array organization of the optic lobe anlagen (OL) and the regular array of neurons within the developing eye imaginal disk (long arrow). At this stage, CUT expression is also abundant in developing antennal disk (short arrow). b, DAPI staining of disks demonstrating the overall morphology of wildtype eye (arrow) and antennae (arrowhead) disks. c, Wild-type wing imaginal disks immunostained for W I NGL ESS. Note the normal distribution of wingless in the dorsal region of the wing disk in regions that will give rise to the adult notum and hinge ( h) and the ventral staining in regions of the wing blade (wb) that will give rise to the wing margin. d, C NS and imaginal disks from Dps 46 /Dps W11 late third larval instar. Note the general disorganization of the optic lobe anlagen (OL) and the absence of EL AV expression in the eye imaginal disk (long arrow). In contrast, expression of C UT in the antennal disk appears normal (short arrow). e, DAPI staining of disks from Dps 46 /Dps W11 mutants. Although the antennae disk (arrowhead) appears normal, the eye disk (arrow) is small and disorganized. f, Wing imaginal disks from Dps 46 /Dps W11 . W I NGL ESS expression appears normal in the dorsal compartment in regions that will give rise to the notum and hinge ( h) but is absent from ventral regions that give rise to the wing blade and margin (wb). and C UT (Blochlinger et al., 1993) , that are broadly expressed in neurons during postembryonic development. In wild-type eyeantennae imaginal disks of third larval instars, EL AV is expressed in photoreceptor neurons. C UT is absent from the eye disk at this stage but is broadly expressed in the antennae disk. At later stages, C UT can be detected in cone cells and sensory organ precursors that give rise to interommatidial bristles. We find that wild-type disks stain positively for EL AV (eye) and CUT (antennae), whereas mutant eye imaginal disks appeared small and underdeveloped and failed to express EL AV (Fig. 3a,b) . Furthermore, although both C UT and EL AV could be detected in the developing optic lobes, the highly organized, laminar pattern of expression that is normally found in wild-type optic lobes failed to develop in Dps mutants. This suggests that Dps is required for eye and wing imaginal disk development, and although it is not required for the development of the optic lobes, they fail to differentiate properly without it.
Dps genetically interacts with Notch and Delta
A role for presenilins in the Notch-signaling pathway has been suggested previously by studies in both C. elegans Greenwald, 1995, 1998 ) and mice (Berezovska et al., 1997; Wong et al., 1997) . To examine the link between Dps and Notch, we tested the ability of our Dps mutants to interact genetically with Notch (Fig. 4) . Specifically, we crossed each Dps mutant to several alleles of Notch and determined whether any dosage-sensitive interactions could be detected in transheterozygotes. Such interactions have been shown previously for other known members of the Notch-signaling pathway. Initially we tested the ability of the point mutant Dps 46 and the deletions Dps W6 , Dps W11 , and Dps W20 to interact with the deficiency Df(1)N-8/In(1)dl-49, y1 Hw1 m2 g4, that gives rise to dominant notching of the wing blade (Fig. 4d) . We find that transheterozygotes containing one copy of the Notch deficiency and one copy of the Dps 46 mutation or a Dps deletion all exhibited an enhanced wing phenotype (Fig. 4e,f ) . In addition, both Dps alleles enhanced the phenotype of N nd-3 , a loss-of-function allele of Notch that gives rise to a thickened wing vein phenotype at 29°C (Fig. 4g) . Specifically, transheterozygotes between N nd-3 and Dps alleles have enhanced thickening of wing veins and notches at the tips of the wing similar to what is observed in stronger Notch alleles (Fig. 4h,i) . This suggests that Dps mutations reduce Notch signaling within cells. In agreement with this, we found that Dps alleles suppressed the interrupted wing vein phenotype observed in the gain-of-f unction N Ax-1 allele ( Fig. 4j-l ) . Finally, Dps mutants also enhanced the phenotype of the Delta allele Dl [7] that is characterized by thickened wing veins and small deltas located near cross-veins ( Fig. 4m-o) . Specifically, transheterozygotes between Dl [7] and Dps mutants exhibited a greater extent of thickening and deltas at the wing veins. Taken together, these results indicate that Dps mutations reduce Notch signaling and support a role for Dps in the Notchsignaling pathway.
Dps affects the subcellular localization of Notch
To gain insight into the mechanism underlying Dps and Notch interactions, we performed immunocytochemical studies to examine the subcellular distribution of Notch within the larval CNS of Dps mutants. Using an antibody that recognizes the Notch intracellular domain, we find that Notch is expressed at high levels within neuroblasts throughout the proliferative centers in the developing optic lobes and at somewhat lower levels in neuroblasts within the thoracic ganglia of third larval instar CNS as reported previously (K idd et al., 1989; Fehon et al., 1991; Kooh et al., 1993) . Within wild-type neuroblasts, Notch is distributed throughout the cytoplasm and on the plasma membrane (Fig.  5a,c) . In contrast, the overall distribution of Notch within the optic lobes is disrupted in Dps mutants, and the protein levels are reduced in the cytoplasm and appear to be preferentially retained on the plasma membrane of specific neuroblasts (Fig. 5b,d ). The affect on Notch subcellular localization appears to be specific because we observed no similar accumulation of HRP, a well characterized plasma membrane marker (Fig. 5e,f ) . Finally, to distinguish between primary effects of Dps on Notch localization versus secondary defects caused by altered differentiation of Dps mutants, we also examined the distribution of Notch protein within neuroblasts of second instar larvae. At this stage, Notch is expressed in small groups of cells that consist of a large neuroblast surrounded by smaller ganglia mother cells (Fig. 6a) (Fehon et al., 1991) . Within these groups of cells Notch appears throughout the cytoplasm and at high levels at the plasma membrane in regions of contact between the neuroblast and its progeny. There is little, if any, accumulation of Notch at the plasma membrane in regions that contact the remaining surrounding cells. In contrast, we find that Notch distribution is altered with less in the cytoplasm and more staining seen over the entire plasma membrane of neuroblasts in Dps mutants (Fig. 6b,c) . In agreement with this observation, we find that processing of Notch to give rise to a functional heterodimeric receptor on the cell surface is unaffected in Dps mutants (Fig. 6d) .
We have also performed the reciprocal experiment to determine whether overexpression of Dps also affected the subcellular distribution of Notch. Specifically, we used the GAL4/UAS sys- tem (Brand and Perrimon, 1993) to target expression of Dps to specific subsets of cells within a developing tissue. Specifically, we have used a pannier-GAL4 line (Fig. 7c,d ) to drive expression of UAS-Dps in regions of the wing imaginal disk that will give rise to the adult notum and subsets of neurons within the eye imaginal disk or a cut-GAL4 line (Fig. 7e,f ) that drives expression in the presumptive wing margin. We find that Notch protein specifically accumulates within Dps-expressing cells and appears to be primarily localized within the cytoplasm. In contrast, neighboring cells that do not overexpress Dps show no change in Notch expression or distribution. Similar results were obtained in singly stained preparations, confirming that none of the signals seen for Notch were caused by bleed-through or secondary antibody crossreactivity (data not shown). In both cases, we found that Notch specifically accumulated in Dps-overexpressing cells but not in the adjacent cells (internal control) that only express basal levels of Dps (Fig. 7) . Taken together, our results show Dps does not affect the ability of Notch to undergo furin-dependent cleavage within the Golgi and to accumulate on the plasma membrane. Rather, Dps may be affecting the subcellular distribution of Notch and later cleavage events leading to defects in cell signaling.
DISCUSSION
We have used Drosophila melanogaster to study the function of presenilin and to investigate its role in the Notch-signaling pathway. In Drosophila, presenilin is encoded by a single gene whose overall intron-exon structure and splice sites are highly related to that of both the C. elegans and vertebrate presenilins (Boulianne et al., 1997; Ye and Fortini, 1998) . Although we and others (Boulianne et al., 1997; Ye and Fortini, 1998 ) have detected at least two distinct isoforms that arise from differential splicing, the significance of these two isoforms is presently unknown.
As found in its vertebrate and C. elegans counterparts, we find that the majority of Dps is proteolytically cleaved and gives rise to a 25 kDa N-terminal fragment and a 35 kDa C-terminal fragment, although full-length Dps can be detected in transgenic flies that overexpress Dps under a variety of promoters. The fact that presenilins are processed in worms, flies, and vertebrates suggests that this is a functionally important event and that the cellular machinery involved in this processing must be highly conserved between species. This is in contrast to previous studies in C. elegans that demonstrated that a naturally occurring mutation (PS1⌬E9) that deletes exon 9 and removes the cleavage site is capable of rescuing a sel-12 mutant, thereby suggesting that proteolytic processing of presenilins was not essential for function (Levitan et al., 1996; Baumeister et al., 1997) . More recently, however, several groups have demonstrated biochemical differences between the holoprotein and its proteolytic fragments (Walter et al., 1997; Steiner et al., 1998) , and evidence has been obtained to suggest that Alzheimer mutations may act by impairing proteolytic processing of PS1 (Mercken et al., 1996) . The major sites of proteolytic processing in vertebrate presenilins have been determined recently, and although processing of PS1 appears to generate a number of heterogenous products that map between Thr 291 and Ala 299 , the majority of cleavage events occur between Thr 291 and Met 292 or Met 298 and Ala 299 (Podlisny et al., 1997) . Interestingly, the amino acid sequence within this region is not conserved between flies, worms, and vertebrates, suggesting that the protease involved may recognize the overall structure of the protein rather than individual amino acid residues.
Using immunocytochemical techniques, we find that Dps is broadly expressed during development with higher levels in some tissues, including the larval CNS where the protein accumulates within the cytoplasm of neurons. This is consistent with a recent study showing that Dps is ubiquitously expressed throughout the cytoplasm during development with elevated levels in the larval and pupal optic lobes (Ye and Fortini, 1998) . Interestingly, Dps mutants are early pupal lethal and have highly disorganized optic lobe anlagen. Although the optic lobes form, they do not appear to undergo proper neuronal differentiation as determined by the abnormal expression patterns of two neuronal markers, ELAV and CUT. Whether this reflects a primary defect caused by Dps mutations or secondary effects that result from the absence of Figure 7 . Notch staining is increased in the cytoplasm of Dpsoverexpressing cells. The distribution of Notch and Dps in third instar larval wing disks is shown. a, In wild-type disks, Dps protein is expressed at very low levels. b, Notch is expressed ubiquitously throughout the larval wing disk. c, d, Dps protein can be induced in wing (thin arrow) and haltere (thick arrow) disks using a pnr-GAL4 line to drive expression of UAS-Dps in transgenic lines ( c). Notch protein specifically accumulates in cells overexpressing Dps ( d) . e, f, cut-GAL4 was used to overexpress Dps at the developing wing margin. Note the high levels of Dps protein that accumulate in the cytoplasm of cells at the wing margin ( e, arrow). Overexpression of Dps at the margin causes Notch to accumulate within the cytoplasm of these cells ( f, arrow) . g, h, Overexpression of Dps in a subset of neurons within the developing eye disk ( g, arrow) also causes increases in Notch expression within the cytoplasm of these cells ( h, arrow) .
retinal innervation remains to be determined. Dps mutants also have small, undeveloped eye imaginal disks that do not express either marker even though other imaginal disks such as the ones that give rise to the legs or antennae develop normally. This suggests that Dps is required for the proper differentiation of a subset of neurons during development. It remains unclear why mutations in Dps affect only a subset of tissues during development because Dps is broadly expressed. The absence of an earlier phenotype may reflect, in part, high levels of maternal RNA and protein that is deposited into the embryo and may be sufficient for early embryonic development and the maturation of certain tissues. In agreement with this model, we observe very high levels of Dps RNA and protein in 0 -3 hr embryos (data not shown), and others have shown recently that germ-line mutations in Dps are embryonic lethal and are characterized by a neural hyperplasia similar to that observed in Notch and Delta mutants (Struhl and Greenwald, 1999; Ye et al., 1999) . Similarly, the fact that mutations primarily affect the optic lobes and eye imaginal disks may simply reflect a higher requirement for Dps in those tissues, and this is consistent with the observation that Dps is expressed at higher levels within these tissues (Ye and Fortini, 1998) .
Dps mutations also enhance the wing phenotype of Notch and Delta loss-of-f unction mutants and suppress the phenotype of a Notch gain-of-f unction mutation, indicating that the signaling through the Notch receptor is reduced in Dps mutants and that the role of Dps in Notch signaling is not limited to the nervous system. More importantly, Notch is maintained and may even accumulate at the plasma membrane of neuroblasts in flies lacking Dps, whereas overexpression of Dps causes Notch to accumulate within the cytoplasm. Taken together, these data imply either that the cell surface Notch that we observe in Dps mutants is nonfunctional, unable to interact properly with its ligand, or that Dps blocks signal transduction events that occur at the membrane or after Notch is internalized from the membrane. Processing and trafficking of Notch receptors are known to be important for Notch signaling (Blaumueller et al., 1997; Pan and Rubin, 1997; Struhl and Adachi, 1998) . Notch protein is synthesized in the endoplasmic reticulum and then undergoes an initial cleavage in the extracellular domain within the trans-Golgi network (Blaumueller et al., 1997) . This initial cleavage step appears to be required to produce a f unctional heterodimeric Notch receptor at the cell surface because f ull-length Notch is only detected in the cytoplasm (L ogeat et al., 1998) . We note that this cleavage step is unaffected in Dps mutants and, consistent with this observation, that Notch protein is present at the plasma membrane, demonstrating that presenilin must act at a later step in Notch signaling. At the plasma membrane, Notch interacts with its ligands, triggering additional proteolytic cleavage steps that result in the release of the intracellular domain of Notch that then enters the nucleus and activates downstream genes (Schroeter et al., 1998; Struhl and Adachi, 1998) . The Notch -Delta complex is also thought to be endocytosed, although the relationship between receptor endocytosis, cleavage, and nuclear transport is not yet clear (Seugnet et al., 1997) . Recently, several studies have shown that presenilin mutants affect the proteolytic cleavage of Notch that gives rise to the intracellular domain, resulting in reduced signaling activity (De Strooper et al., 1999; Struhl and Greenwald, 1999; Ye et al., 1999) . It is unclear, however, whether presenilin affects Notch cleavage directly or rather affects the trafficking of Notch or its protease within the cell. A recent study by , in which two transmembrane aspartates in presenilin were mutated and shown to affect both endoproteolysis of presenilin and ␥-secretase cleavage of amyloid precursor protein (APP), suggests that presenilin may have ␥-secretase activity and directly cleave Notch. These studies, however, also do not distinguish between a direct role for presenilin in Notch cleavage versus a role in the trafficking of Notch or its protease.
In our studies, we find that Notch is uniformly distributed and may even accumulate on the entire plasma membrane of neuroblasts in Dps mutants. This is in contrast to wild-type situations in which Notch specifically accumulates at the interface of ligandexpressing cells during signaling both in cell culture and in vivo. Therefore, presenilin may be affecting targeting of Notch to the appropriate location on the membrane where it can interact with ligand. In the absence of ligand interaction, proteolytic processing of Notch does not occur. Alternatively, Dps could be required for internalization of the receptor-ligand complex and subsequent proteolytic processing because it is not known where within the cell these cleavage events occur. Although presenilin in mammals is thought to reside predominantly in the endoplasmic reticulum (ER) and Golgi, consistent with possible roles in early stages of protein processing, some evidence suggests that it may transiently reach the plasma membrane (Dewji and Singer, 1997) where it could participate in endocytic processes. In fact, in Drosophila, Dps has been shown to accumulate within vesicular structures throughout the cytoplasm, including the ER and Golgi, and is also found at the apical regions of cells in some tissues (Ye and Fortini, 1998) .
A role for presenilin in protein processing or trafficking has been suggested previously on the basis of its subcellular localization (Kovacks et al., 1996; Walter et al., 1996; De Strooper et al., 1997) and its ability to affect the processing of APP in vertebrates (Borchelt et al., 1996; Duff et al., 1996; Scheuner et al., 1996) . APP, like Notch, encodes a single-pass transmembrane protein found at the plasma membrane that is known to undergo several cleavage steps giving rise to two secreted peptides, A␤(40) and A␤(42-43) . Recent studies in transgenic mice have shown that presenilins can affect the processing of both Notch and APP by mechanisms that are unknown. Current models suggest that presenilins may directly cause cleavage of Notch and APP or, alternatively, affect the ability of secretases to cleave (De Strooper et al., 1998) . Alternatively, presenilins may play a more general role in regulating the subcellular distribution of transmembrane proteins like APP and Notch within the cell, thereby physically altering their ability to interact with proteases necessary for their proper signaling functions.
